Abstract WHO and the United Nations Children's Fund (UNICEF) annually review data on immunization coverage to estimate national coverage with routine service delivery of the following vaccines: bacille Calmette-Guérin; diphtheria-tetanus-pertussis, first and third doses; either oral polio vaccine or inactivated polio vaccine, third dose of either; hepatitis B, third dose; Haemophilus influenzae type b, third dose; and a measles virus-containing vaccine, either for measles alone or in the form of a combination vaccine, one dose. The estimates are based on government reports submitted to WHO and UNICEF and are supplemented by survey results from the published and grey literature. Local experts, primarily national immunization system managers and WHO/UNICEF regional and national staff, are consulted for additional information on the performance of specific immunization systems. Estimates are derived through a country-bycountry review of available data informed and constrained by a set of heuristics; no statistical or mathematical models are used. Draft estimates are made, sent to national authorities for review and comment and modified in light of their feedback. While the final estimates may not differ from reported data, they constitute an independent technical assessment by WHO and UNICEF of the performance of national immunization systems. These country-specific estimates, available from 1980 onward, are updated annually.
Introduction
WHO recommends that all children receive one dose of bacille Calmette-Guérin vaccine (BCG), three doses of diphtheriatetanus-pertussis vaccine (DTP), three doses of either oral polio vaccine (OPV) or inactivated polio vaccine (IPV), three doses of hepatitis B vaccine, and one dose of a measles viruscontaining vaccine (MVCV), either anti-measles alone or in combination with other antigens. [1] [2] [3] [4] [5] [6] [7] [8] [9] It also recommends three doses of vaccine against infection with Haemophilus influenzae type b (Hib). 10 To boost immunity at older ages, additional immunizations are recommended for healthcare workers, travellers, high-risk groups and people in areas where the risk of specific vaccine-preventable diseases is high. 11 Immunization coverage levels and trends are used (i) to monitor the performance of immunization services locally, nationally and internationally; (ii) to guide strategies for the eradication, elimination and control of vaccine-preventable diseases; [12] [13] [14] (iii) to identify areas of immunization systems that may require additional resources and focused attention; 15, 16 and (iv) to assess the need to introduce new vaccines into national and local immunization systems. 17 Models of vaccine-preventable disease burden frequently include immunization coverage levels among their components. [18] [19] [20] Coverage levels for measles vaccine and DTP are indicators of health system performance frequently considered by funding agencies when reviewing applications for financial and technical support. [21] [22] [23] [24] Measles immunization coverage is one of the indicators for tracking progress towards Millennium Development Goal 4, to reduce child mortality. 25 Furthermore, trends in immunization coverage are used to establish the link between immunization service delivery and disease occurrence and to provide a framework for setting future coverage goals. 26 
Trends in immunization coverage
While some countries had routine immunization systems in place before 1980, major national and international development of routine, universal infant immunization systems did not begin until the late 1970s. In fact, it was not until the 1980s that dramatic improvements in immunization coverage were achieved, along with an increase in coverage with the third dose of DTP vaccine (DTP3) from 20% in 1980 to 75% coverage in 1990. While some countries reported significant declines in coverage after 1990, global coverage levels remained fairly constant and began rising slowly but steadily in 2000, until DTP3 coverage worldwide had reached 81% in 2006.
In 1980, fewer than 10% of the world's children lived in 20 of the 167 countries with DTP3 coverage levels greater than 80%; 84% of the world's children lived in countries where coverage was less than 50%. By 1990, 108 countries (43% of all children) had DTP3 coverage levels greater than 80%, and fewer than 10% of children lived in countries with under 50% coverage. Although national coverage levels can "mask" sub-national geographical or sociological pockets where coverage is much lower, in 2006, 57% of children lived in countries with greater than 80% DTP3 coverage. 
Key data sources
Administrative data based on reports from service providers (e.g. health centre staff, vaccination teams, private physicians) and surveys with items on children's vaccination history are the main sources of empirical data on immunization coverage. Administrative data report the number of vaccinations administered during a given period -usually 1 month -to local public health authorities who review the data and take any necessary action. The data are then aggregated and reported to the next administrative level and later aggregated, analysed and used at the national level to determine immunization policy, focus programme activities and influence resource allocation. National coverage data are reported annually to WHO and UNICEF.
Household surveys are the most common survey sources of immunization coverage data. Immunization history is determined either by looking at immunization records in the home, asking the child's caretaker (recall) or both. The three main household survey sources are the Expanded Programme on Immunization (EPI) cluster survey, 31 ,32 the UNICEF Multiple Indicators Cluster Survey (MICS) 33 and the Demographic and Health Survey (DHS). 34 Designed specifically for measuring immunization coverage, EPI cluster surveys are simple to administer and frequently conducted by national EPI staff. The MICS and DHS are more extensive surveys with a variety of indicators and a more rigorous design.
Although usually more precise, they are also more expensive, logistically more complex and more difficult to administer.
Each type of data source has advantages and disadvantages in both design and implementation. Administrative data provide more timely information and are useful for places where surveys may not be practical. In addition to providing information on coverage, such data can reveal service delivery problems (e.g. vaccine shortage, poor session attendance) early on. Coverage estimates based on administrative data are mainly subject to numerator (children vaccinated) and denominator (target population) biases. When too small a numerator is used because vaccinations are not reported by lower administrative levels or part of the population, such as the private sector, is excluded from the data collection or reporting system, coverage can be underestimated. It can also be overestimated when children vaccinated outside the target age group are erroneously included in the numerator. Estimates based on administrative data can also be biased by an inaccurate denominator, especially when outdated censuses and poor population projections are used. For instance, when coverage is high and the target population has been underestimated, estimated coverage can exceed 100%.
Survey data allow for estimating immunization coverage even if the size of the target population is unknown; they also include vaccinations given by the private sector. Their main disadvantage, however, is their lack of usefulness for timely programme interventions because they provide information only on the previous birth cohorts. In addition, they may yield confidence intervals that are wider than desired, interviewers may be poorly trained, supervision may be weak and analyses may be erroneous. Because surveys are rarely performed at the district level or lower, they do not provide information on local system performance. Respondent recall biases may be significant and their direction may be unknown. In some instances, the length or complexity of the questionnaire may compromise the accuracy of the responses. Finally, as with any survey, the results may be inappropriately generalized beyond the survey population.
Both administrative and survey methods are vulnerable to inadvertent recording, calculation and transcription errors; non-compliance with the established protocol due to poor training and supervision, and systematic and purposeful data fabrication.
WHO and UNICEF review processes
In June 2000, WHO and UNICEF began a retrospective review of data on national immunization coverage for 1980-1999. Reports by national authorities to WHO and UNICEF and survey data from the published and grey literature were reviewed. Based on these data and with due consideration to potential biases and the views of local experts, these agencies jointly estimated the most likely levels of immunization coverage.
National immunization coverage was estimated for BCG, DTP3, the third dose of polio vaccine, the first dose of a measles virus-containing vaccine and the third dose of the hepatitis B vaccine (either alone or in combination with other antigens). In July 2001, an external panel reviewed and approved the methods and preliminary findings. The initial review of national immunization coverage for the years 1980-1999 was completed in October 2001 and has been continued annually since. In 2005, estimates for the first dose of DTP and the third dose of Hib vaccine were added. The proportion of infants protected at birth against tetanus was also estimated. The methods have been described previously 19 and are not reviewed here.
Immunization coverage levels are presented as the percentage of a target population that has been vaccinated. Coverage is usually calculated for each vaccine and for the number of doses received. For example, coverage for DTP3 is calculated by dividing the number of children receiving the third dose of DTP vaccine by the number of children who survived to their first birthday. The target population varies depending on national policies, the specific vaccine and the dose for which coverage is being calculated. For vaccinations given at birth or soon after (e.g. BCG), the While the final estimates are informed by data from national authorities and may not differ from reported data, they constitute an independent technical assessment by WHO and UNICEF of national immunization system performance.
National report updates
From the late 1970s until 1998, WHO and UNICEF collected data on national immunization coverage independently at different times during the year. These independent collection processes imposed a double reporting burden on countries and occasionally resulted in the publication of different coverage numbers for the same country for the same period. To avoid these problems, WHO and UNICEF adopted a joint data collection system and, since 1998, a WHO/UNICEF Joint Reporting Form on Immunization (JRF). The JRF annually collects national-level data on the incidence of selected vaccine-preventable diseases, immunization coverage, recommended immunization schedules, vaccine supply and other information on the structure, policies and performance of national immunization systems. 35 WHO and UNICEF jointly review and prepare draft estimates annually. Data for each country and vaccine are reviewed, and the time series of data and estimates is updated. Draft estimates of the most likely coverage for each year and antigen are made from the data with the methods described below. Essential to this review are consultation and collaboration with national authorities. Draft estimates are sent to each national authority not only to inform them of the results before the estimates are publicly released, but also to take advantage of the local expertise and knowledge that are relevant to the estimation process. Comments received from national authorities are reviewed by the WHO and UNICEF working group, and draft estimates are modified if appropriate.
The final estimates and supporting data are shared with national governments and are released annually for public use. Statistical summaries appear in State of the world's children, The world health report and other organizational publications. Detailed data and explanations are available at the sites provided earlier and may be freely reproduced.
WHO and UNICEF estimation methods
We distinguish between situations in which data reported by national authorities accurately reflect immunization system performance and those in which the data are likely compromised and misleading. With the exception of the first dose of DTP (DTP1) (Appendix A, available at: http://www.who. int/immunization_monitoring/routine/ WHO_UNICEF_estimates_of_nation-al_immunization_coverage_ANNEX. pdf ), the estimates are not the results of a formal modelling exercise and no statistical or mathematical models are used. While there are frequently general trends in immunization coverage levels, no attempt is made to fit data points with smoothing techniques or time series methods. Our estimates are informed and constrained by the following heuristics.
Country-specific
Each country's data are reviewed individually and are not "borrowed" from other countries. While it is a common practice in disease burden estimation to generalize data from similar countries along a relevant dimension (e.g. mortality levels, geographical areas, income levels), we do not correlate immunization coverage levels or trends with other covariates such as income level, development status, population size or geographical characteristics. We have been unable to identify exogenous macro-level data that provide sufficiently sensitive and robust covariants to immunization services delivery. If national data are available from a single source, the estimates are based solely on that source, supplemented with linear interpolation to impute values for years for which data are not available. If no data are available for the most recent estimation period, the estimate remains the same as the previous year's. If new data or information subsequently become available, the relevant portion of the time series is updated.
Consistent trends and patterns
If survey data tend to confirm (e.g. within ± 10 percentage points) reported data, the estimates are based on reported data. If multiple survey points show a fairly consistent relationship with the trend in reported data and the survey data are significantly different from reported data, the estimates are based on reported data calibrated to the level established by the survey data. If survey data are inconsistent with reported data, the reported data show no consistent relationship with survey data and the survey data appear more reliable, coverage estimates are based on survey data, with interpolation between survey data points for intervening years. If multiple data points are available for a given country, vaccine/dose, and year, data points are not averaged; instead, potential biases in each source are
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considered and an attempt is made to construct a consistent pattern over time from the data with the least potential for bias consistent with temporal trends and comparisons between vaccines. If coverage patterns are inconsistent with the vaccine and dose numbers given, an attempt to identify and adjust for possible biases is made. If inconsistent patterns are explained by programmatic (e.g. vaccine shortage) or contextual events (e.g. "international incidents"), the estimates reflect the impact of these events. When several estimates are possible, alternative explanations that appear to cover the observed data are constructed and treated as competing hypotheses. 36, 37 Local information is considered, potential biases in the data are identified and the more likely hypothesis is selected.
Recall bias adjustment
Whenever estimates are based primarily on survey data and the proportion of vaccinations based on maternal recall is high, survey coverage levels are adjusted to compensate for maternal recall for multi-dose antigens (i.e. DTP, polio vaccine, hepatitis B vaccine and Hib vaccine) by applying the dropout between the first and third doses observed in the documented data to the vaccination history reported by the child's caretaker. 38 
No coverage greater than 100%
Coverage levels in excess of 100% are occasionally reported. While they are theoretically possible, they are usually the result of systematic error in the numerator or denominator, a mid-year change in target age groups, or inclusion of children outside the target age group in the numerator. The highest coverage estimate is 99%.
Incorporation of local knowledge
By consulting local experts, an attempt is made to put the data in the context of local events -those occurring in the immunization system (e.g. vaccine shortage for parts of the year, donor withdrawal, change in management or policies, etc.) as well as more widelyoccurring events (e.g. international incidents or civil unrest). Information on such events is used to support (or challenge) sudden changes in coverage.
Description and dissemination of results
For each country, year and vaccine/ dose, WHO and UNICEF estimates are presented in both graphic and tabular forms along with the data upon which they are based. The estimates are "thickened" [39] [40] [41] by providing a description of the assumptions and decisions made in developing the specific estimates. Fig. 1 and Fig. 2 illustrate these methods.
In summary, WHO and UNICEF estimates of national immunization coverage are an attempt to construct a consistent narrative that relies on the measured data available for a country, interpreted in light of a general understanding of immunization systems, potential biases in the data and local knowledge of specific events.
Discussion
One perceived weakness of the estimates stems from the subjective nature of the methods used. As described above, the heuristics used constrain but do not uniquely determine the estimate. Subjectivity arises primarily in (i) the choice of rules and (ii) deciding which rule should apply in a given circumstance. We have no theoretical foundation for selecting rules and no validation of their reliability; the choices have been based on appeals to rationality, consistency and the lack of alternatives that produce more reasonable estimates. We are currently formalizing the rules to provide more explicit, consistent and replicable grounds for our estimates. Current estimates are seriously limited by the absence of any articulation of uncertainty; as presented, they appear equally precise and certain. The uncertainty in the estimates is rooted in the accuracy and precision of the empirical data (described above) and in the choice and application of the heuristics (model-based uncertainty). Because the estimates are not based on a probability sample and multiple measures are not considered as random variants of a single population measure, we are reluctant to limit the uncertainty to the amount of variation in the empirical data. In general, we consider that any coverage level has an error of at least ±3 percentage points (not necessarily symmetrical) with perhaps a maximum of ±20 percentage points. We are currently exploring methods to determine the likely error in empirical data and the additional uncertainty introduced by our methods.
Finally, the quality of the estimates is determined by the quality and availability of empirical data. Vaccination is relatively easy to measure and two methods -administrative reports and surveys -have been developed, each of which, when properly designed and implemented, provides accurate and reliable direct measures of coverage levels. Implemented jointly (using each measure for the same population), they provide a validation of coverage levels. However, as described in the section above, both methods are subject to biases. In some instances, these may be identified and corrected, as we have attempted to do. In no instance do we have complete, consistent, multiple measures for an entire country/vaccine time series. In some instances we have complete administrative data validated by periodic or occasional consistent survey findings. In others, data are available from a single source -usually administrative data -and appear internally consistent over time and across vaccines. In several countries, administrative data and survey results are inconsistent; 42, 43 in others, the administrative time series is incomplete, internally inconsistent or both. 40 These data are supplemented with local consultations that often explain inconsistencies and anomalies and provide insight into forces that influence coverage levels. More importantly, WHO and UNICEF have worked closely with countries to improve the quality and usefulness of coverage monitoring data systems. Governments and their partners at the national, regional and global levels are increasingly sensitive to the importance of effective monitoring, and financial and technical resources are becoming increasingly available. Immunization continues to be a major component of international household surveys and, national programmes are striving to improve the quality of their coverage data by conducting immunization-specific surveys, using tools such as the Data Quality Self-Assessment Tool, 44 
Resumen
Estimaciones de la OMS y el UNICEF sobre la cobertura nacional de vacunación de los lactantes: métodos y procedimientos
La OMS y el Fondo de las Naciones Unidas para la Infancia (UNICEF) analizan cada año los datos sobre la cobertura de vacunación para calcular la cobertura nacional de los servicios de administración sistemática de las siguientes vacunas: bacilo de Calmette-Guérin; difteria-tétanos-tos ferina, primera y tercera dosis; vacuna antipoliomielítica oral o inactivada, tercera dosis de cualquiera de ellas; hepatitis B, tercera dosis; Haemophilus influenzae tipo b, tercera dosis; y una vacuna contra el virus del sarampión, ya sea sólo contra esta enfermedad o en forma de vacuna combinada, una dosis. Las estimaciones están basadas en los informes presentados por los gobiernos a la OMS y el UNICEF, complementados por resultados procedentes de diversas publicaciones y de la literatura gris. Se consulta además a expertos locales, principalmente responsables de los sistemas nacionales de inmunización y personal regional y nacional de la OMS y el UNICEF, para reunir información adicional sobre la eficacia de sistemas de inmunización concretos. 
